Introduction
Host and parasite genotypes 1 0 0
For experimental evolution, we used two genotypes of the nematode Caenorhabditis 1 0 1 elegans: N2 and LTM1. Slowinksi et al. (2016) described the origins of the LTM1 line, which is 1 0 2 a single genotype derived from ethylmethane sulfonate mutagenesis of the CB4856 genotype. We selected these two host genotypes for experimental evolution because 1) N2 and CB4856 are and 2) preliminary assays demonstrated that the parasite Serratia marcescens is equally virulent 1 0 6 to N2 and LTM1. For assays of parasite virulence, we also included the host genotype JU1395. JU1395 is 1 0 8 roughly equally genetically divergent from N2 and LTM1 (Andersen et al. 2012 ). Hence we 1 0 9 limited the potential that genetic proximity alone would generate differences between parasites 1 1 0 adapted to N2 vs. LTM1 in their virulence against JU1395. Assays of parasite performance 1 1 1 against JU1395 allowed us to compare the host range of evolved parasite lineages. We 1 1 2 subsequently refer to JU1395 as a novel host genotype, because parasite lineages never 1 1 3 encountered this host genotype during experimental evolution. We refer to N2 and LTM1 as 1 1 4 6 sympatric host genotypes, because parasite lineages encountered one or both of these host 1 1 5 genotypes during experimental evolution. We initiated replicate parasite lineages from Sm2170, a genotype of the bacterial parasite 1 1 7 Serratia marcescens. Sm2170 is known to be highly virulent towards C. elegans hosts 1 1 8 (Schulenburg and Ewbank 2004) . The interaction of C. elegans and Sm2170 is a novel host-1 1 9 parasite interaction constructed in the lab: there is no evidence that C. elegans encounters this 1 2 0 particular strain of S. marcescens in the wild, and Sm2170 had not previously been 1 2 1 experimentally evolved with C. elegans. Hosts acquire infection while feeding. We established four treatments, each with six replicate parasite lineages (Fig. 1) . In three 1 2 4 of these treatments, we subjected replicate parasite lineages to direct selection for increased 1 2 5 virulence against host populations that differed in their level of genetic diversity. In the first two 1 2 6 treatments, parasites were selected to kill hosts in homogeneous host populations. These host 1 2 7 populations comprised either 100% N2 hosts or 100% LTM1 hosts. In the third treatment, 1 2 8 parasites were selected to kill hosts in populations that were genetically diverse. These 1 2 9 populations were 50% N2 and 50% LTM1 hosts. We assumed that parasites have no ability for 1 3 0 host choice, such that parasites passaged with genetically diverse host populations had an equal 1 3 1 probability of encountering an N2 or LTM1 host each generation of selection. We did not allow for host evolution during experimental evolution. Hence, each passage, parasites were re-exposed to host populations of the same make-up as the prior generation. We 1 3 4 limited host evolution by maintaining stock populations of N2 and LTM1 at 15°C. Every few 1 3 5 weeks, we refreshed these stocks by thawing hosts archived at -80°C. Our experimental 1 3 6 7 treatments therefore limited temporal host heterogeneity in order to contrast spatial host 1 3 7 heterogeneity with homogeneity. The fourth treatment was the control treatment, where we did not directly select for 1 3 9 increased virulence. We designed this treatment to serve as the baseline against which to 1 4 0 measure evolutionary change in the prior three treatments. In this treatment, we passaged 1 4 1 bacteria without hosts. In doing so, we subjected bacterial populations to genetic drift and to the 1 4 2 non-focal selection pressures of the experiment in the absence of selection for increased Figure 1 : Experimental evolution scheme. We initiated experimental evolution by adding 500 C. elegans hosts to Serratia selection plates seeded with a lawn of Sm2170, the ancestral parasite genotype (dark lawn on upper portion of plates). For homogeneous selection, we added 100% N2 (left, white) or 100% LTM1 (right, black) hosts. For diverse selection, we added 50% N2 and 50% LTM1 hosts. We then selected for virulent parasites by extracting parasite colonies from hosts that died rapidly, within 24 hours. We used this passage of parasites (shown here as P1, second row) to seed lawns on Serratia selection plates, to which the same genotype(s) of hosts were added to commence the second round of selection. For the control treatment, we did not add any hosts and passaged parasite colonies directly from the lawn. We continued these selection regimes for a total of 20 passages. Each of the four treatments was replicated six times, for a total of 24 independent parasite lineages. Serratia lawn forced interaction between hosts and parasites. Hosts could then migrate towards 1 5 5 the lawn of food. We used this particular design in order to maintain the conditions of prior To initiate experimental evolution, we harvested large numbers of L4 larvae of N2 and 1 5 9 LTM1 hosts. We established host populations that were 100% N2, 100% LTM1, or 50% 1 6 0 N2:50% LTM1 hosts by mixing the appropriate volumes of larvae of each host genotype. All initial Serratia selection plates were seeded with the same culture of Sm2170. In order to 1 6 2 establish six replicate parasite lineages per treatment, we deposited ~500 L4 larvae of the the control treatment, we did not add any larvae to the Sm2170 lawns. This resulted in a total of 1 6 5 24 plates representing 24 independent parasite lineages, six per each of four treatments. We maintained these plates for 24 hours at 20°C. We then selected the most virulent parasites by isolating and transferring those that killed hosts rapidly, within 24 hours. To 1 6 8 accomplish this, we picked 20-30 dead hosts from the Sm2170 lawn of each plate. We removed 1 6 9 external bacteria from these hosts by repeated rinsing, then crushed the hosts to extract the 1 7 0 internal bacteria that had killed them (Morran et al. 2011). We grew these bacteria on NGM-lite 1 7 1 plates at room temperature (~22°C) for 48 hours, then maintained them at 4°C for 48 hours. We 1 7 2 then randomly selected 40 colonies from these plates and grew them at 28°C overnight in 5 mL plates, to which we added the same host population encountered by the parasite lineage in the 1 7 5 prior passage. For the control treatment, we collected ~30 samples of free-living bacteria directly from 1 7 7 the lawn of Serratia in order to mimic the sample sizes obtained in the other treatments. We 1 7 8 otherwise treated these populations in the same manner as the host-associated lineages. We 1 7 9 repeated this passaging scheme for a total of 20 passages, at which point we froze liquid cultures 1 8 0 of parasite lineages at -80°C. We measured parasite virulence as the mortality rate of a host genotype after 48 hours of 1 8 3 exposure to a parasite lineage. In setting up the assays, we replicated the experimental passaging 1 8 4 scheme. For each host genotype tested, we added a fixed volume of L4 larvae (100% focal host 1 8 5 genotype) to multiple replicate Serratia selection plates of all 24 parasite lineages. We 1 8 6 determined the mean number of L4 larvae added to Serratia selection plates by adding this same 1 8 7 volume to 10 standard plates seeded with OP50 and counting the number of hosts after 24 hours. We maintained Serratia selection plates at 20°C for 48 hours, then counted the number of live 1 8 9
worms that had migrated out of the Serratia lawn. The mortality rate was obtained from the 1 9 0 survival rate, which we calculated as the number of live hosts divided by the mean number For the N2 genotype, we added 494 ± 26 hosts (mean ± standard error of the mean) per hosts. Each parasite lineage was also replicated four times. For our novel genotype, JU1395, we 1 9 6 added 270 ± 12 hosts. Each parasite lineage was replicated eight times, for a total of 48 1 9 7 experimental replicates per selection treatment. All statistical analyses were performed in R (ver. 3.5.3; R Core Team 2013). We 2 0 0 conducted three separate analyses, one for each host genotype tested in the survival assays, in testing their ability to kill a novel host genotype. We began with survival assay data for N2, one of the sympatric host genotypes. We fit a 2 0 7
Poisson regression with experimental evolution treatment (control, homogeneous N2, replicate. We included parasite lineage (1-6) as a random effect. We found evidence of re-fit the model as a negative binomial regression with the glmer.nb function in the lme4 package 2 1 2 (Bates et al. 2015) . A likelihood ratio test indicated a substantially better fit with the negative 2 1 3 binomial regression relative to the Poisson regression (Likelihood-ratio test:
p<0.001). We applied this same modeling approach for the LTM1 and JU1395 genotypes. In better fit to our data with a negative binomial regression (LTM1,
We then evaluated treatment as a predictor of variation in the number of surviving hosts 2 1 9 by using likelihood ratio tests to compare models with and without the treatment factor. For 2 2 0 models in which treatment was a significant predictor of variation in survival, we examined 2 2 1 model coefficients to compare between treatments. In analysis of sympatric host genotypes, we 2 2 2 tested the prediction that parasite lineages evolved increased virulence against hosts with which 2 2 3 they were passaged during experimental evolution. In analysis of the novel host genotype, we 2 2 4 tested the prediction that parasite lineages selected in diverse host populations would have higher 2 2 5 virulence against a novel host than parasite lineages selected in homogeneous host populations, 2 2 6 consistent with a larger host range for parasites selected in diverse host populations. host than parasite lineages selected in homogeneous host populations. To test this prediction, we 2 3 0 calculated the coefficient of variation in virulence (both number of surviving hosts and mortality 2 3 1 rate) against JU1395 across the six independent parasite lineages per treatment. We calculated 2 3 2 95% confidence intervals for the coefficient of variation by bootstrapping the JU1395 data set 2 3 3 10,000 times. Specifically, we re-sampled the experimental replicates per parasite lineage eight 2 3 4 times with replacement and re-calculated the coefficient of variation for each treatment. Adaptation to sympatric host genotypes 2 3 7
We first evaluated the virulence of experimentally evolved parasites when paired with 2 3 8 their sympatric hosts, N2 and LTM1. We predicted an increase in virulence when parasite 2 3 9 lineages were paired with the host genotypes on which they were selected. The mortality rate of N2 was 82.3% when paired with the ancestral parasite genotype. This closely matched the mortality rate of N2 when paired with control parasite lineages after 20 2 4 2 experimental passages (82.6 ± 0.8% SEM) (Table S1 ). When paired with experimentally evolved parasites, the mortality rate of N2 varied with parasite selection treatment (Table 1A , Fig. 2A ).
4 4
Consistent with our prediction, parasite lineages selected to kill hosts in populations that were 2 4 5 diverse or homogeneous for N2 showed increased ability to kill N2 hosts relative to control 2.755, p = 0.006; 100% N2: coefficient = 0.582, z = 4.232, p < 0.001). Specifically, the 2 5 0 mortality rate of N2 was 87.3±0.7% and 88.4±1.4% for parasites selected in diverse or 2 5 1 homogeneous N2 populations, respectively. Therefore, in relation to control parasites, survival 2 5 2 of N2 hosts declined by approximately a third when paired with parasites selected to kill N2 2 5 3 (homogeneous N2: 33% decline; diverse: 27% decline). Parasites selected in diverse or 2 5 4 homogeneous N2 populations did not differ from one another in their killing ability (coefficient 2 5 5 = 0.198, z = 1.417, p = 0.157). Parasite lineages selected to kill hosts in populations that were 2 5 6 homogeneous for LTM1 showed equivalent ability to kill N2 as control parasites (79.7 ± 2.1%, 2 5 7 coefficient = 0.068, z = 0.494, p = 0.621).
5 8
When paired with the ancestral parasite genotype, the mortality rate of LTM1 was 82.2%, 2 5 9 identical to that of N2 hosts. This mortality rate was slightly lower than the mortality rate of Results of three separate generalized linear mixed models in which we fit parasite experimental evolution treatment (homogeneous N2, homogeneous LTM1, diverse, or control) as a predictor of the number of host individuals that survived parasite exposure. The three models correspond to three separate killing assays, one for each host genotype tested (A -N2, B -LTM1, and C -JU1395). We included parasite lineage (six independent lineages per experimental evolution treatment) as a random effect. We show the results of likelihood ratio (D) tests of models with and without treatment as a predictor. The parasite Serratia marcescens was selected to kill C. elegans hosts in host populations that were homogeneous (100% LTM1; 100% N2) or diverse (50% LTM1: 50% N2). After 20 passages, we then tested evolved parasite lineages for their ability to kill N2 and LTM1 hosts. We compared the mortality rate of parasites against these hosts to that of control parasites, which were not selected to kill hosts and hence reflect baseline killing ability. (A) Parasites selected to kill hosts in populations that were diverse or homogeneous for N2 evolved an increased ability to kill N2 hosts, relative to control parasites or parasites selected to kill hosts in populations that were homogeneous for LTM1. ( Adaptation to a novel host genotype 2 7 6
We then evaluated the virulence of experimentally evolved parasites when paired with a 2 7 7 novel host genotype, JU1395. We initially predicted 1) an increase or maintenance of virulence genotype. This mortality rate was slightly higher than the mortality rate of JU1395 when paired 2 8 5
with control parasite lineages after 20 experimental passages (93.6 ± 0.3% SEM) (Table S3 ).
8 6
When paired with experimentally evolved parasites, the mortality rate of JU1395 varied with 2 8 7 parasite selection treatment (Table 1C , Fig. 3 ).
8 8
We found support for our first prediction, that parasites selected in diverse populations 2 8 9
would maintain killing ability against a novel host genotype. Parasite lineages selected to kill 2 9 0 hosts in populations that were diverse showed an equivalent ability to kill JU1395 as control 2 9 1 parasites (94.1 ± 0.3%; coefficient = -0.12856, z = -0.836, p = 0.403).
9 2
We found partial support for our second prediction that parasites selected in selected to kill hosts in populations that were homogeneous for N2 showed reduced ability to kill 2 9 5 JU1395 hosts relative to control parasites (coefficient = 0.632, z = 4.075, p < 0.001) and to 2 9 6 parasites selected to kill hosts in diverse populations (coefficient = 0.761, z = 4.962, p < 0.001).
9 7
Specifically, the mortality rate of JU1395 was 86.1 ± 1.8% when paired with parasites selected to 2 9 8 kill hosts in populations that were homogeneous N2. Therefore, in relation to control or diverse-2 9 9
selected parasites, survival of novel hosts was more than two-fold greater with parasites selected 3 0 0 in homogeneous N2 populations (vs. control: 2.19-fold greater; vs. 50%: 2.35-fold greater). In selected to kill hosts in populations that were homogeneous LTM1. This did not differ = 0.093, z = 0.606, p = 0.544) or diverse-selected parasites (coefficient = 0.221, z = 1.442, p = 3 0 5 0.149). While counter to our prediction, this latter result corresponds to our finding that parasites 3 0 6 failed to evolve significantly increased virulence against LTM1 (Table 1B , Fig. 2B ).
3 0 7
Consistent with our findings above, parasites selected in homogeneous N2 populations 3 0 8
showed the greatest between-lineage variation in performance on the novel host genotype.
3 0 9
Control parasites and diverse-selected parasites showed equivalent between-lineage variation in 3 1 0 their ability to kill the novel host, both in terms of number of survivors (coefficients of variation: For parasites selected in populations that were homogeneous LTM1, between-lineage variation Here, we tested evolved parasite lineages for their ability to kill a novel host genotype, JU1395. Parasites selected to kill hosts in populations that were homogeneous for N2 (100% N2) lost their ability to kill the novel host (reduced mortality rate), consistent with specialization on the N2 genotype. In contrast, parasites selected to kill hosts in populations that were diverse (50% N2: 50% LTM1) maintained their ability to kill the novel host (equivalent mortality rate), consistent with the maintenance of generalism. Parasites selected to kill hosts in populations were homogeneous for LTM1 (100% LTM1) also showed no change in killing ability of the novel host, relative to control parasites. matched the predicted changes, with slightly increased virulence of diverse-selected and 3 5 9
homogeneous LTM1-selected parasites relative to control and homogeneous N2-selected 3 6 0 parasites (Fig. 2) . Compared to what we observed with adaptation to N2, these changes were 3 6 1 smaller in magnitude with more variation around the mean. Additional generations of selection 3 6 2 may produce stronger differentiation between treatments. We conclude that intrinsic differences 3 6 3 between these host genotypes altered the rate at which specialization evolved and thereby the 3 6 4 dynamics of emergence probability on novel host genotypes. Prior studies of host range have similarly found that host range evolves differently Fry, J. D. 1996. The evolution of host specialization: are trade-offs overrated? American Naturalist 148:S84-S107. Hall, A. R., P. D. Scanlan, and A. Buckling. 2010. Bacteria-phage coevolution and the emergence of generalist alternating replication of an arbovirus in insect and mammalian cells. Journal of Molecular Biology
